Abstract Brucella is a facultative intracellular bacterium belongs to the class alpha proteobacteria. It causes zoonotic disease brucellosis to wide range of animals. Brucella species are highly conserved in nucleotide level. Here, we employed a comparative genomics approach to examine the role of homologous recombination and positive selection in the evolution of Brucella. For the analysis, we have selected 19 complete genomes from 8 species of Brucella. Among the 1599 core genome predicted, 24 genes were showing signals of recombination but no significant breakpoint was found. The analysis revealed that recombination events are less frequent and the impact of recombination occurred is negligible on the evolution of Brucella. This leads to the view that Brucella is clonally evolved. On other hand, 56 genes (3.5 % of core genome) were showing signals of positive selection. Results suggest that natural selection plays an important role in the evolution of Brucella. Some of the genes that are responsible for the pathogenesis of Brucella were found positively selected, presumably due to their role in avoidance of the host immune system.
Introduction
Homologous recombination and positive selection are considered as indispensable driving forces that play a major role in the evolution of microorganisms. The importance of recombination and positive selection in the molecular evolution of bacterial pathogens such as Listeria monocytogenes [1] , E. coli [2] , Streptococcus [3] have been reported earlier. Positive selection is often characterised by estimating the ratio (x) of nonsynonymous (dN) and synonymous (dS) substitutions [4] . This ratio provides measure of natural selection with x = 1, \1, [1 indicating neutral evolution, purifying selection (negative selection) and positive selection, respectively. The identification of positively selected genes in the core genome of an organism will reveal the evolutionary path of that organism. The gene products which have significant role in bacterial pathogenesis are more likely to be positively selected.
Brucella is an important zoonotic pathogen that causes brucellosis. It has a wide host range, infecting from domestic animals to rodents, cetaceans and humans. The genus Brucella is classified into ten species based on host specificity: Brucella melitensis (goats), Brucella abortus (cattle), Brucella suis (swine), Brucella canis (dogs), Brucella ovis (sheep), Brucella neotomae (desert mice), Brucella ceti (cetacean), Brucella pinnipedialis (seal), Brucella microti (voles) and Brucella inopinata (unknown) [5] . Brucellosis induces abortion in animals and causes undulant fever, endocarditis, osteoarthritis and several neurological disorders in humans [6] . Brucella melitensis, B. suis and B. abortus are known to cause human brucellosis [6] . Brucella is a facultative intracellular pathogen which survives and replicates in the host macrophages. It lacks classical bacterial virulence factors such as fimbria, exotoxins, capsules, plasmids etc. Virulence factors such as lipopolysaccharide, type IV secretion system, and BvrR/ BvrS two-component system have been identified to be critical in the intracellular process of Brucella inside macrophages [7] .
Since the Brucella species are highly conserved in nucleotide level, we have employed a genome wide analysis to assess the effect of homologous recombination and positive selection in the core genome of 19 Brucella genomes to analyse the evolutionary nature of this pathogenic bacteria.
Materials and Methods

Genome Sequences
We have considered complete genomes of Brucella available in NCBI as of November 1, 2014. Genome sequences of 19 complete genomes of Brucella (Table 1) were retrieved from NCBI database (ftp://ftp.ncbi.nlm.nih.gov/ genomes/).
Recombination Analysis
We have tested the recombination events in the core genome (genes present in all genomes analysed) of Brucella using PSP server [8] (http://db-mml.sjtu.edu.cn/PSP/). The PSP server identified the core genome by detecting orthologous groups across multiple prokaryotic genomes being compared using OrthoMCL. Then it checked for recombination events through four statistical procedures GENECONV, pairwise homoplasy index (PHI), maximum v 2 and neighbor similarity score (NSS).
Effect of Recombination on Brucella Evolution
ClonalFrame [9] version 1.2 was applied to the 19 complete genomes of Brucella to identify the impact of recombination in the evolution of bacteria. Whole genome sequence alignment of 19 genomes was done using progressive Mauve [10] and the core genome alignment, where all genomes aligned over at least 500 bp was extracted using stripSubsetLCBs script distributed with Mauve. This core genome alignment was given as input for ClonalFrame to reconstruct the clonal relationship between the genomes. Separate alignments were made for Chromosome 1 and Chromosome 2. Four independent runs, each consisting of 20,000 MCMC iterations, in which the first half of the iterations were discarded as burn-in, were performed for chromosome 1 and 2. Convergence and mixing of MCMC runs were found to be satisfactory based on Gelman-Rubin test [11] using ClonalFrame genealogy comparison tool. The clonal genealogy obtained from ClonalFrame was used for the recombination analysis.
Positive Selection Analysis
PSP server was used for the identification of genes under positive selection in Brucella core genome. Codon-based strategy was used by PSP for the identification of orthologous coding genes under positive selection. We have used site models which will screen for presence of positively selected sites by allowing the dN/dS ratio (x) to vary among sites. The null model M7 (beta), which assumes a beta distribution for x (0 \ x \ 1) is compared with the alternative model M8 (beta & x), which adds an extra class of sites with positive selection (x s [ 1) . If the likelihood ratio test is significant, positive selection is inferred [4] .
Results and Discussion
Recombination and positive selection is considered to be the major evolutionary forces behind the evolution of microorganisms. Previous studies revealed that Brucella is highly conserved in nucleotide level with nearly identical genetic content and gene organization [12] . Considering the conserved nature of Brucella, we assessed the role of recombination and positive selection in Brucella evolution.
Recombination had no Impact on the Evolution of Brucella
Among the 1599 core genome tested, only 24 genes were showing signals of recombination. No significant breakpoint was observed in any of these genes which show less impact of recombination in Brucella. To quantify and analyze the impact of recombination on Brucella, we applied ClonalFrame algorithm to the whole genome sequences of Brucella. The frequency of recombination is often measured relative to that of mutation. ClonalFrame measures the frequency of occurrence of recombination relative to mutation by estimating the q/h value. A single event of recombination can change several nucleotides. ClonalFrame measures the effect of recombination by estimating r/m value which will measure the rates at which sites are altered through recombination and mutation. q/h measured how often recombination events happened relative to mutation and r/m measured how important the effect of recombination was in the diversification of the bacterial species relative to mutation. The whole genome alignment was performed and the core genome alignment was extracted as mentioned earlier. This resulted in 231 blocks with a total alignment length of 1,819,788 bp in chromosome 1 and 176 blocks with 1,013,561 bp alignment length in chromosome 2. These core regions were given as input to ClonalFrame. The tree topology obtained from ClonalFrame clearly depicts the clonal genealogy of Brucella (Fig. 1a, b) . The tree separates Brucella into four different clades. B. melitensis clade, B. abortus clade, B. suis-B. canis-B. ovis-B. microti clade and the marine environmental species B. ceti and B. pinnipedialis clade. The clonal tree is in congruence with the whole genome based phylogenetic tree obtained in the previous study [13] . Earlier reports suggested that phylogenetic analysis of Brucella using 16S rDNA genes and MLST were not able to clearly depict the phylogeny of genus Brucella [13, 14] . The clonal genealogy obtained here was further used for recombination analysis. ClonalFrame estimated that recombination is very less frequent in Brucella with a q/ h = 0.0145 (with 95 % credibility interval of 0.0143 to 0.0147) in chromosome 1 and q/h = 0.016 in chromosome 2 (with 95 % credibility interval of 0.012 to 0.019). The r/m value for chromosome 1 and chromosome 2 was estimated to be 0.096 (with 95 % credibility interval of 0.094 to 0.097) and 0.081(with 95 % credibility interval of 0.06 to 0.10) respectively. The ClonalFrame analysis (low rate of q/h and r/m) shows that recombination events are very less frequent than mutation in Brucella and also the effect of recombination is very limited. The recombination analysis suggests that Brucella has evolved clonally. Clonal evolution or clonality refers to the evolution of a population structure that results from limited or absence of genetic recombination [15] . This refers to limited recombination, not the complete absence of recombination. If recombination cannot change or break the clonal population structure, then the organism is known to be clonally evolved. This pattern is widely accepted in the population structure of many pathogenic bacteria such as Mycobacterium tuberculosis [16] , Salmonella typhi [17] , Staphylococcus aureus [18] etc. In contrast, recombination played an important role in the genetic diversity of Listeria [1] , Helicobacter pylori [19] etc. The effect of recombination in other rhizobiales such as Bartonella and Rhizobium is also minimal [20, 21] . The results we obtained indicate that recombination has had negligible impact on the diversification of the Brucella. The analysis suggests that the vast majority of clonal variants arise by point mutation, rather than recombination.
Genes Showing Evidence of Positive Selection
To identify genes under positive selection, we performed a genome-wide molecular selection analysis using PSP server for 19 complete genomes of Brucella in NCBI genome database. The average number of CDS in Brucella genomes was * 3300. Positive selection was done using the PAML software implemented in PSP. The analysis was carried out for the predicted 1599 orthologous groups in the core genome. Based on LRT statistics for comparing the null model and alternative model with v 2 distribution and correction for multiple testing (default value was used as mentioned in PSP server), we have identified 56 genes in the core group showing signals of positive selection in Brucella genomes with P value \ 0.05 and dn/ds [ 1 (Table 2) . Earlier Kim et al. [22] have reported that 12 genes of Brucella were positively selected by analysing seven complete genomes. Of these, nine genes were found to be positively selected in our study also. In this study, we did an extensive genome wide analysis in 19 genomes to identify genes under positive selection. Based on the criteria we used, our study identified more number of genes showing signals of positive selection compared to the previous report [22] . We identified an acid resistance gene, hdeA, showing strong signal of selection. The gene encoding acetyltransferase, hypothetical protein, med encoding basic membrane lipoprotein and ubiquinol oxidase, cyoA also showed strong signals of selection after hdeA. In addition to these genes, we identified some of the virulence genes, transporter genes, transcriptional regulators, genes in the two component system (phoR/phoB) etc. are positively selected. To get more insights into the evolutionary pressures acting on these Brucella genomes, we analysed the functional features of the positively selected genes. The positively selected genes are highly enriched in five COGs (E-amino acid transport and metabolism, Rgeneral functional prediction only, K-transcription, Sfunction-unassigned conserved proteins, T-signal transduction) ( Fig. 2; Table 2 ).
The ability of Brucella to survive in the environmental conditions such as acidic pH, low levels of nutrients, and reactive oxygen intermediates accounts for its virulence and pathogenicity. During the bacterial infection, the host develops certain defence mechanisms such as acidification of pathogen containing phagosomes, oxygen radical generation, phagosome-lysosome fusion etc. to eliminate the bacteria. To counteract such defence responses from host, intracellular bacteria have developed various resistance mechanisms. Some of the genes that could play important roles in such resistance mechanisms and pathogenesis of Brucella were identified as positively selected genes. hdeA, an acid resistance protein showed strong signal of selection with higher x value of 117.43. hdeA has been shown to be required for resisting acid shock in Brucella [23] . Since Brucella has to encounter the acidic stress incorporate by host immune system, acid resistance of pathogens are crucial. This gene may be positively selected to avoid host immune response. Blastn analysis of hdeA gene of Brucella showed 68 % similarity with Methylobacterium populi BJ001 strain, an alpha proteobacetria of order rhizobiales which was isolated from poplar trees. hdeA gene also showed 70 % homology with different E. coli strains and S. flexneri and S. sonnei. ureB is another important gene which plays vital role in acid resistance of Brucella. ureB, a component of urease which triggers ureolysis also found to be positively selected with an x value of 2.0824. Ureolysis results in the release of ammonia molecules which will be protonated to form ammonium resulting in the increase of pH and thereby it protects the bacteria from lethal acidification. Urease is known to protect Brucella during their passage through the stomach when the bacteria are acquired by the oral route, which is the major route of infection in human brucellosis [24] . The mviN is a virulence factor family found in all Brucella species and also in the closest neighbour of Brucella, Ochrobactrum. This membrane bound protein shows similarity with Salmonella. The gene mviN of Brucella involves in peptidoglycan biosynthesis. The role of this gene in Brucella virulence is not well studied. xthA is known to protect the Brucella from oxidative damage and plays a major role in the base excision repair of bacterial DNA [25] . However, it is not required for virulence in a mouse model. Our study suggests that selection pressure acting on these genes to avoid the host stress response during the intracellular life of Brucella. The gene encoding acetyltransferase was showing a strong signal of selection next to hdeA with an x value of 110.191. In Brucella, acetyltransferase involved in tyrosine metabolism pathway, benzoate degradation pathway, ethylbenzene degradation pathway and limonene and pinene degradation pathway was also found to be positively selected. Blastn analysis of Brucella acetyltranferase revealed an ortholog in closest neighbour of Brucella, Ochrobactrum. med, a basic membrane lipoprotein which plays a role in the sugar transport system was also identified to be positively selected with an x value of 64.523. The blastn analysis of med revealed 80 % similarity with Ochrobactrum, 72 % similarity with Roseobacter litoralis, a member of order Rhodobacterales of alpha proteobacteria, 71 % similarity with Agrobacterium radiobacter and 75 % similarity with Sinorhizobium fredii which belong to the order Rhizobiales of alpha proteobacteria. We identified cyoA which has its role in the oxidative phosphorylation to be positive selected with an x value of 33.003. It showed similarity with Ochrobactrum and different strains of Pseudomonas.
Adaptive response of bacterium is usually directed by transcriptional factors and two-component regulatory systems [26] . We identified three transcriptional regulators, oxyR, crp/FNR family transcriptional regulator and iclR family transcriptional regulator and to be positively selected. The oxyR is also known to regulate the catalase activity, which plays a major role in the life of intracellular pathogens [27] . Phosphate regulator gene phoR was identified to be under positive selection in Brucella with an x value of 2.065. The phoR codes for membrane kinase that regulates the transcriptional regulator, phoB. The phoR/ phoB two component system controls the phosphate uptake and regulate large number of genes including nine transcriptional regulators including phoH, which is also positively selected in Brucella.
ABC transporters play a major role in the export and import of many different substances across cellular membranes. The functional prediction of ABC systems reveals that most of them are involved in the import of nutrients. We have identified some of the ABC transporter genes are positively selected. The gene thiP coding for iron compound ABC transporter, which is known to be an important effector of virulence, showed evidence for positive selection. In summary, we identified six genes that involve in the Brucella pathogenesis and virulence showing signals of positive selection. Our study suggests that positive selection plays an important role in the pathogenesis.
The activation or inactivation of the genes involved in the transport, transcriptional regulators, and cell membranes are responsible for host specificity and virulence of Brucella [28] . We identified several genes in these categories to be positively selected. These genes may be major responsible factors for the invasion and protection of bacteria against host.
Our results indicated that the recombination is not a major force in the evolution of Brucella. On other hand, 56 genes (3.5 %) of core genome of Brucella was showing evidence for positive selection. This indicates that positive selection plays an important role in the evolution and adaptation of Brucella. The adaptive changes caused in these genes are may be due to the interaction with the host defence mechanisms. These adaptive changes will definitely increase the fitness of organism in response to various environmental stresses. The computational prediction of positively selected genes will provide promising targets for further researches in the mechanisms of immune evasion and the host-pathogen interaction in Brucella.
